A high-molecular-weight DNA from Balb/c mouse early embryo or from MOPC 321 plasmacytoma (a Kchain producer) was digested to completion with Bacillus amyloliquefaciens strain H restriction enzyme (BamH I). The resulting DNA fragments were fractionated according to size in preparative agarose gel electrophoresis. DNA fragments carrying gene sequences coding for the variable or constant region of K chains were detected by hybridization with purified, 12SI-labeled, whole MOPC 321 K mRNA and with its 3'-end half. The pattern of hybridization was completely different in the genomes of embryo cells and of the plasmacytoma. The pattern of embryo DNA showed two components, one of which (molecular weight = 6.0 million) hybridized with C-gene sequences and the other (molecular weight = 3.9 million) with V-gene sequences. The pattern of the tumor DNA showed a single component that hybridized with both V-gene and C-gene sequences and that is smaller (molecular weight = 2.4 million) than either of the components in embryo DNA. The results were interpreted to mean that the VK and CK genes, which are some distance away from each other in the embryo cells, are joined to form a contiguous polynucleotide stretch during differentiation of lymph~c~es. Such joining occurs in both of the homologous chromosomes. Relevance of these findings with respect to models for V-C gene joining, activation of a specific Vk.gene, and allelic exclusion in immunoglobulin gene loci is discussed. Both light and heavy chains of immunoglobulin molecules consist of two regions: the variable region (V region) and the constant region (C region) (1, 2). Uniqueness (i.e., one copy per haploid genome) of the genetic material coding for C region ("C gene") has been conjectured from normal Mendelian segregation of allotypic markers (3). Nucleic acid hybridization studies have confirmed this notion (4-10). Hybridization studies have also demonstrated that a group of closely related V regions are somatically generated from a few, conceivably even a single, germline gene(s) (V gene) (4-6). (12) , except that 10% glycerol was present in all buffers during the phosphocellulose step. Five milligrams of high-molecular-weight embryo or MOPC 321 tumor DNA in a buffer consisting of 6 mM TrisHCl, pH 7.4,6 mM MgCl2, and 6 mM 2-mercaptoethanol was incubated with 104 units (1 unit is defined as the amount of the enzyme sufficient for digesting 1 ,ug of phage X DNA in 60 min at 370 under the above conditions) of the purified enzyme at 370 for 4 hr. In order to investigate completeness of digestion we followed the following scheme. An aliquot of the reaction mixture containing mouse DNA was removed before incubation and mixed with a small amount (ratio of X DNA to mouse DNA, 1:10) of phage X DNA. This pilot mixture was incubated in parallel with the main reaction mixture under the conditions described above. After incubation the pilot mixture was electrophoresed in 0.9% agarose. DNA was visualized under ultraviolet light after staining with 1 ,g/ml of ethidium bromide (13). Digestion of mouse DNA in the main reaction mixture was considered to be complete when the electrophoresis pattern of the X DNA in the pilot mixture exhibited no indication of incomplete digestion.
tiguous polynucleotide stretch during differentiation of lymph~c~es. Such joining occurs in both of the homologous chromosomes. Relevance of these findings with respect to models for V-C gene joining, activation of a specific Vk.gene, and allelic exclusion in immunoglobulin gene loci is discussed. Both light and heavy chains of immunoglobulin molecules consist of two regions: the variable region (V region) and the constant region (C region) (1, 2) . Uniqueness (i.e., one copy per haploid genome) of the genetic material coding for C region ("C gene") has been conjectured from normal Mendelian segregation of allotypic markers (3) . Nucleic acid hybridization studies have confirmed this notion (4) (5) (6) (7) (8) (9) (10) . Hybridization studies have also demonstrated that a group of closely related V regions are somatically generated from a few, conceivably even a single, germline gene(s) (V gene) (4-6). They did not, however, give us any reliable estimate of the total number of germ line V genes. However, given the enormous diversity of V regions, the existence of multiple germ line V genes seems likely. If this is so, a problem arises: how is the information in the V and C genes integrated to generate a contiguous polypeptide chain? Since V-and C-gene sequences exist in a single mRNA molecule as a contiguous stretch (11) , such integration must take place at either the DNA or the RNA level. Integration at the RNA level could result from a "copy-choice" event during transcription or from joining of two RNA molecules after transcription.
We report here experimental evidence for possible joining of V and C sequences at the DNA level.
MATERIALS AND METHODS Myeloma Tutmors. Balb/c mouse plasmacytoma MOPC 321 was kindly provided by Dr. M. 0. Potter. Tumors were maintained in mice as described (4 (12) , except that 10% glycerol was present in all buffers during the phosphocellulose step. Five milligrams of high-molecular-weight embryo or MOPC 321 tumor DNA in a buffer consisting of 6 mM TrisHCl, pH 7.4,6 mM MgCl2, and 6 mM 2-mercaptoethanol was incubated with 104 units (1 unit is defined as the amount of the enzyme sufficient for digesting 1 ,ug of phage X DNA in 60 min at 370 under the above conditions) of the purified enzyme at 370 for 4 hr. In order to investigate completeness of digestion we followed the following scheme. An aliquot of the reaction mixture containing mouse DNA was removed before incubation and mixed with a small amount (ratio of X DNA to mouse DNA, 1:10) of phage X DNA. This pilot mixture was incubated in parallel with the main reaction mixture under the conditions described above. After incubation the pilot mixture was electrophoresed in 0.9% agarose. DNA was visualized under ultraviolet light after staining with 1 ,g/ml of ethidium bromide (13) . Digestion of mouse DNA in the main reaction mixture was considered to be complete when the electrophoresis pattern of the X DNA in the pilot mixture exhibited no indication of incomplete digestion.
Preparative Agarose Gel Electrophoresis. An apparatus conventionally used for separation of serum proteins was adapted for nucleic acids. Agarose (Sigma, electrophoresis grade) was melted in TA buffer (20 mM , and 700-1500 cpm of 125I-labeled mRNA or its 3'-end fragment. The hybridization mixture was covered with a thin layer of mineral oil and heated at 98-100' for 5 min. Annealing was carried out at 700 for 40-48 hr. The processing of the hybridization mixture has been described (4).
Preparation of High-Molecular-Weight DNA. DNA was purified from either 12-to 13-day-old Balb/c mouse embryos (Bomholtgard, Denmark) or MOPC 321 tumors according to procedures described by Gross-Bellard et al. (16) .
Other Procedures. Methods for purification of K-chain mRNA of MOPC 321, for isolation of 3'-end half fragment of the mRNA, and for RNA iodination have all been described (4, 6) . The K mRNA preparation used in the present work is the one described in Fig. 1 
RESULTS
Detection of V-and Cgene sequences in DNA fragments A straightforward procedure for quantitation of a specific sequence in a particular DNA preparation is to carry out hybridization either in liquid or preferentially on filter paper under conditions where labeled RNA is well in excess over DNA (RNA excess, RNA-driven hybridization) (17) . For this procedure it is necessary that the RNA preparation is completely pure. The K mRNA preparation used in the present experiments, although as pure as the present technology permits, does not meet this condition. From the "fingerprint" analysis of T1 RNase digest and from gel electrophoresis in 99% formamide, the purity of the K mRNA preparation was estimated to be about 90% (4, 6) . For this reason and also because of the difficulty of obtaining a large amount of purified K mRNA, the RNA saturation procedure is not suitable for quantitation of immunoglobulin genes.
When the purpose is to detect a particular DNA sequence in relative rather than absolute terms, as in the present case, an alternative method is available which circumvents the above problems. In Fig. 1 a varying amount of MOPC 321 DNA was hybridized with 125I-labeled K mRNA of MOPC 321 or the half containing its 3'-end. The volume of hybridization mixtures, concentration of RNA, and time of incubation were constant. Under these conditions the level of 125I-labeled RNA in the hybrid is a function of the concentration of the complementary DNA sequences. As shown in Fig. 1 , the increment in the level of hybridization decreases as the concentration of complementary DNA sequences increases. Thus, when DNA is subjected to a fractionation procedure such as gel electrophoresis, and each fraction is assayed for a specific DNA sequence by this method, the shape of the resulting hybrid peak is flatter than expected from the actual distribution of complementary DNA fraction for the nonlinearity of the assay by using Fig. 1 or a "standard curve". We have not done this, however, in Fig. 2 (4, 6) .
Since a RNA probe for V gene sequences is not available (the 3'-end half fragment is a RNA probe for C-gene sequences), V-gene sequences were determined indirectly from the difference in the two hybridization levels obtained by the whole molecule and the half-molecule containing the 3'-end (3'-half). For this purpose two RNA probes with identical specific activity were prepared; hybridization of whole molecules was carried out using twice as much input radioactivity as with 3'-end half-molecules. The final hybridization levels obtained with the whole molecules are just about twice those with the 3'-half in a wide range of DNA concentration (Fig. 1) ; this justified such an indirect measurement of V-gene sequences.
V-and C-gene sequences in embryo and myeloma DNA fragments generated with BamH I endonuclease High-molecular-weight embryo and MOPC 321 tumor DNAs were digested with BamH I endonuclease, and the resulting DNA fragments were fractionated according to size by preparative agarose gel electrophoresis. DNA eluted from gel slices was assayed for V-and Cgene sequences by hybridization with 125I-labeled whole or 3'-half K mRNA of MOPC 321 under the condition described in the last section. The pattern of hybridization is shown in Fig. 2 . With embryo DNA, two DNA components of molecular weight (Mr) 6 .0 and 3.9 million hybridized with the whole RNA molecules, whereas only the 6.0 million Mr component hybridized with the 3'-half. The fact that only the 6 (18) . However, the probability that either of these amino acid sequences provides the exact nucleotide sequence required is low.
The pattern of hybridization is completely different in the DNA from the homologous tumor (Fig. 2) . Both There is also an alternative explanation for the absence of the embryonic DNA components in the tumor, namely, that the V-C gene joining took place in only one of the homologous chromosomes and that the other chromosome(s) has been lost during propagation of the tumor. In view of the known chromosome abnormalities of murine plasmacytomas, we cannot eliminate this trivial possibility. Fig. 3 summarizes our interpretation of the experimental results. What is the mechanism by which the integration of Vand C-gene sequences is brought about? In the past, several models have been proposed, and some of these models are schematically illustrated in Fig. 4 . In the "copy-insertion" model a specific V gene is duplicated anci the copy is inserted at a site adjacent to a C gene (19) (20) . In the "deletion" model, DNA in the interval between a particular V gene and the corresponding C gene loops out, is excised, and diluted out upon subsequent cell multiplication (21). In the "inversion" model, V genes and a C gene are arranged in a chromosome in opposite directions and a segment of chromosome between a particular V gene (inclusive) and a C gene (exclusive) is inverted. The latter three models are both consistent with the experimental results presented here.
It is easy to think of variants of these models. In one variant of the copy-insertion model, the C gene is copied and the copy is inserted next to the V gene. In another variant, both V and C genes are copied, and the copies inserted at a third location. These variants are just as incompatible with our results as is the copy-insertion model illustrated in Fig. 4 . There are analogous variants of the "excision-insertion" model and they are just as compatible with the experimental results as the excision-insertion model illustrated in Fig. 4 .
A "committed" bone marrow-derived (B) lymphocyte and For immunoglobulin loci, only one allele is expressed in any given lymphocyte (22) . This is not the case with most autosomal genes. Our results suggest an interesting explanation for allelic exclusion-that is, that the two homologous chromosomes-are, in any given plasma cell, homozygous. Homozygosis could result from the loss of one homologue followed by reduplication of the other or from somatic recombination between the centromere and the immunoglobulin locus (25, 26 
